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ABSTRACT

This thesis reports on the design and evaluation of a

microprocessor-controlled, high-speed analog-to-digital

converter. The processor supervises and manages the

digitai conversion, split-phase encoding (Manchester) and

framing of the input signal. This converter is designed to

be applied in an underwater package which will serially

transmit sensor data over a fiber optic link: to a shore

station. This intelligent sensor will provide for ease of

future system enhancements. An example would be the

implementation of one package to multiple.., several analog

channels from a local sensor network over the single fiber

optic link to the shore station.
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I. INTRODUCTION AND BACK:GROUND

A. THE DESIRED SYSTEM

The collection and understanding of underwater

acoustics have played a primary role in man's e;:ploration

and study of the seas. Today, this collection and

processing of underwater sound is the main detection and

identification method of living and mechanical objects

concealed beneath the water's surface. By using an array

of transducers, position information is ootainable for a

sound source of interest. Figure 1 depicts, in terms of a

simple block diagram, one architecture for such a

transducer array or network. This network would be

deployed on the ocean floor and transmit data back to a

shore station via a physical channel. Figure 1 shows this

network consisting of multiple transducers all providing

input signals to a single node. This node combines and

encodes the multiple input signals into a single data

signal. The data signal is then transmitted over a channel

4 to shore where circuits receive, decode and sort out each

of the original input signals. An initial hardware design

for the block labeled. "Signal Multiplexing and Encoding

Unit" in the network architecture depicted is the subject

of this thesis. For simplification this unit shall be

referred to as the "Prototype" throughout the remainder of
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this paper. This one word title was chosen as this is only

intended to be an initial design attempt to Stud,' the

feasibilit,/ of one selected architecture for this unit.

The challenge in the Prototype design was to provide for

switching between each transducer signal in the N-

transducer network and encoding these signals at rates fast

enough to provide for accurate signal reconstruction at the

shore receiving station.

The Naval Postgraduate School has a project currently

in progress to implement a transducer network as described

above. This project has provided funding for this thesis

and construction of the initial Prototype. Initial design

specifications were also provided along with the desired

functional capabilities of the network.

ThT pproach taken in this Hesign was to do the digital

conversion of the analog signal from the transducer and

then to encode the digital words for transmission.

Providing for the expected high date rates of several

megabits per second was the major problem in the design.

This manifested itself in the selection of components with

suitable throughput to avoid data flow bottlenecks and in

the timing and control of individual components to insure

synchronous flow of data with minimal delays.

: i
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B. CHARACTERISTICS OF OPERATIONAL ENVIRONMENT

The designed Prototype circuit must be able to operate ,

independently at a remote site on the ocean floor for long

periods of time with a high degree of reliability. This

would indicate that the circuit should be low in power

consumption and kept as simple in architecture as possible.

Component expense was also a design consideration. given

the low probability of recovery of a small system deploved

on the ocean floor. The design was to be inexpensive

enough to be considered expendable.

C. PROPOSED PROTOTYPE ARCHITECTURE

Figure 2 is the functional block diagram for the

Prototype design. A total of N analog-to-digital

converters, one for each transducer signal, are shown being

multiolexed into one signal encoding and framing circuit.

The signal is then passed from the Prototype to the

transmitting circuit. A microprocessor provides the timing

and control to insure coordinated asynchronous operation of

the design. The discussion of timing in the next chapter

presents the reasoning for multiplexing the N input

channels between the analog-to-digital (A/D) conversion and

encoding functions. Framing of the encoded signal, the

last functional bloc! in Figure 2, was a major concern.

Framing was considered necessary to allow for possible idle

time on the transmission channel between sample words.

4 
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II. DESIGN APFOACH AND DECISIONS

A. GIVEN DESIGN SPECIFICATIONS

The following are the design specifications pro',.ided :t

the beginning of the Prototype design effort.

1. The input signal from a transducer would be analog
and have a bandwidth from zero to twenty kilohertz.

2. The circuit WOuld be powered from a batter', suppl,'.

-. The analog signal would be sampled at an appropriate

rate with each sample being converted into a twelve
bit digital word.

4. The transmission channel to shore would be a single
fiber optic element.

5. The digital data will be recorded ashore and
processed in non-real-time.

* 6. The circuit would have a low purchase cost to allow

it to be expendable.

7. The circuit should have high reliability.

These design specifications were used to further refine

the design. The following decisions were made based on the

provided specifications.

1. All of the integrated circuit components would be of
the complementary metal oxide semiconductor (CMOS)

digital family. CMOS devices interface well with a

battery supply due to their low power consumption

relative to other digital integrated circuit

families. An added advantage is the higher noise

immunity that CMOS devices exhibit. A disadvantage

was that of higher individual component cost.

2. A commercially available analog-to-digital (AID)

converter with twelve bit output word for each

sample would be used.

6 ' q "I



The digital signal would be split-phase encoded
before being output to the transmission device. This

type of encoding, commonly referred to as Manchester

encoding, is a standard format in fiber optic
transmission. This allows recovery of the clock:
signal used to send the data signal, and allows for

the synchronization of the receiving station without

passing the sending clock on a separate control line.

4. The Prototype would be designed for real-time
operation in order to strive to maximize both the
circuit's sampling frequency and the number of

possible analog inputs.

5. All circuit components used should be readily

available to keep overall costs low.

B. TIMING REQUIREMENTS AND DATA RATES

Before selecting integrated circuit components in the

CMOS family, performance guidelines had to be established.

Performance was measured in terms of a component's ability

for data throughput, where throughput is defined as the

maximum number of bits that a component can process from

its input to output in one second. Since a design goal was

real-time performance, throughput would be the main

consideration. The Prototype was to be capable of, at the

least, converting all N transducer signal samples within

one sample period.

Shannon's sampling theorem states that a band-limited

signal can be uniquely represented by sampled values at

equal intervals if sampled faster than twice the signal's

maximum frequency. This sampling frequency that is two

times the signal's ma,,imum frequency is called the Nyquist

7
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frequency. The given ma.:i1mum output frequency of a

transducer is 20 kHz: therefore the Frotot,'pe should sample

at a rate greater than 40 kHz. This equates to a required

sample period of less than 25 microseconds. The A/D

converter chosen should then be capable of performing a

con.ersion in 25 microseconds divided by N, where N is the

number of transducers, in order to satisfy Shannon's

sampling theorem. The Manchester encoder is also required

to encode a 12 bit word from the converter at the same rate

of 25/N microseconds. This holds true for the two basic

possible modes of interfacing the encoder and converter.

The first possibility is that the converter will pass each

bit to the encoder as it becomes available. This will be

called the serial mode as the converter is transmitting the

12 bit sample word to the encoder serially. The second

possibility is that the converter will pass all 12 bits at

once after the conversion of a sample is completed. This

will be called the parallel mode as now the 12 bit sample

word passes in parallel from the converter to encoder.

Throughput will be the same for the Prototype regardless of

which mode is used. Figure 7 is a timing diagram

representing the progression of sample words through a

converter and encoder by both the serial and parallel

modes. Starting at the top of Figure 7, the first trace is

of a command signal. When this signal is high, the analog

input is sampled, and when the command signal is low the

8
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I

sample is held constant at the converter's input. The

interval between the leading edge cf two high pulses

represents the sample period. The second trace represents

the sequential bit generation of a sample word. Note that

the conierter senses the high to low transition of the

command signal and begins the conversion cycle at that

point when a new sample is held constant at it's input.

The crosshatzh areas represent the inherent time dela, due

t- the con.erter's approximation circuitry. The third

trace represents the sequential bit encoding of each sample

word by the encoder, with the word being passed from the

converter b i the serial mode. The bottom trace is the same

representation as the third trace e>-cept each word is

passed from the converter to the encoder by the parallel

mode. The crosshatch areas in the lower two traces also

represent delays due to circuit transition times. By

comparing the third and fourth traces it is seen that the

difference between the modes is the time it takes a word to

propagate through the system. This time is defined as the

system's delay time. The parallel mode obviously has the

larger delay time; however, it will not dramatically impair

the Prototype's real-time performance since the word length

is to be less than 25 microseconds.

The system's bottleneck in data throughput will

obviousli, occur at the component which takes the longest

time to perform its operation. However! if the restriction

10

r 4, e



in data flow is due to a slower A!D converter, it is

possible to relieve this restriction b'y multiple',ing the N

channels after the A/D ronverter. This would increase the

number of A.D converters required to N and therefore

increase total sstem costs. Conversel,,. it would simplify

the multiple,,ing t.=, since it Would now be dc..ne to a

parallel digital siAnl. A data ilow restriction at the

encoder w.u 1 d nct te as l i kel y to be rel i eved i n the -ame

manne- a- this method would require multipleiing serial

data and greater aost, due to the N AiD con.erters required

as well as the N encoders. Therefore, it is critical that

the Manchester encoder operate significantly faster than

the 25 microseconds maiximum sample interval. The A/D

converter, however, only, needs to have a conversion rate

less than 7 microseconds. If multiplexing of the N

channels occurs between the con.verter and encoder, then the

ntmber of transducers (N) that can be supported b/ the

system will be the throughput of the encoder divided b... the

thrOughput of the converter.

The above discussion is based on sampling at just above

the Nyquist frequency. Astrom and Wittenmark [Ref. 1, pp.

20-71] discuss choosing a sampling frequency and indicate

that the Nyquist frequLencv does not guarantee a

reconstructed signal within acceptable error tolerances i-4

a delay in reconstruction is not permitted. They present

formulas for computing the ma.imUm possible error in the



reconstructed signal based on the sampling rate and ,_=-'rg

either a zero-order or first-order reconstruction method.

A standard digital-to-analog converter is an e.'amle of

zero-order reconstruction. The reconstructed -i.-nal is

held coDnstant until a new sample word is pro.ided : -

con.ersion. The original signal is then appro, i matel as a

series of step functions. To reduce the error in a

reconstructed signal a first-order polvnomial can be Lised

to e;xtrapolate between the sample points. This is a first-

order reconstruction method. Table I gives the results of

calculations using these error formulas for a sampled and

reconstructed sinusoidal at selected sampling rates. The

first column in this Table lists the number of samples per

period. Therefore the first row gives values for sampling

at the Nyquist frequency. Reading across this first row.

we see from the second and third columns, that sampling at

the NYquist frequency yields a maximum relative error of

approx:imately 157 percent for zero-order reconstruction,

and 493 percent for first-order reconstruction. The fourth

column in Table I lists the sample period in microseconds

for the 20 kHz sampled frequency of the Prototype design.

Studying Table I, we see that, if a first-order method is

used, then 1 percent maXimum relative error can be achieved

by sampling at 45 times the maximum signal frequenc',. This

equates to a sample period of 1.11 microseconds in the case

of this system.

12
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TABLE I
CALCULATED F:ELATIVYE ERF ORE EXRECTED WHEN SAMFLIt.G AC,

RECONSTRU:TING A PURE SINE WAVE

Ma im'm Relative
Ferent Err:,r 4,or Eatale Fericd

Number of Recon-tru,:tlon Metr,-d: in microse-:-nds
Sa mpes or L 2- IHz"

•er Feriod Zero-crier First-order Input FreQLQenc-

- 157. 090 497. 480 25. 0:)U

4 78.540 123.370-25

1 07 1. 416 19.7:9 5.00

15 2'.944 8.7

S15. 708 4.97,5 2.5(.

25 12. 566 3.158 2.0

0 1.) 472 2. 19: 1.67

45 6.981 0.975 1.11

5C) 6. 283 0. 790 1. 00

75 4.189 0.351 5.I7

i7Y . 142 . 197 0.50

200 1.571 0. 049 C). 25

300z 1. 047 C).(022"o . 17

400 0.785 C.012 C. 1f

500 . 628 C0. ,: 8 0. 10 ,

13
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From Table I. to ensure a ma imum relati ,e error of

appro; imatel v one percent with a zero-order reconstructionr.

a sampling rate of 77-10 ti mes the m' 3 mum f requenc/ iS

required. With a M i mum freqquenc, of 2! [1 ohertz thi-=

corresponds to a sample period of 0. 1-' microsecond=. This

is several orders of magnitude faster than simply sampling

it the NYquist frequenc/. However, although a real-time

design goal was used to ma':imize the Prototype's throughput

performance. higher order reconstruction will actually be

possible since the data will be recorded ashore.

The e,-amination of data rate requirements indicates a

trade-off between speed and cost of components. If a high

quality (low relati.,e error) reconstructed signal is

desired! then fewer transducers will be allowed in the

network, unless more sophisticated, higher order

reconstruction techniques are used on the stored data

ashore. At this point, some assumptions were made to

permit initial calculations for use in component

comparisons. It was assumed that five transducers will be

in the network and that twenty percent maximum relative

error between the original transducer analog signal and the

reconstructed signal is tolerable using a first-order

reconstruction method. Using these assumptions and Table

I, the system sample period will be five microseconds. If

multiPleXing of five signals is done after the A/D

conversion, then the A/D converter must be capable of a

14



conversion in five microseconds. If the multiPle:..1r, 2.2

done prior to the AiD conversion, the converter must have

Linder a one microsecond con.'ersicr, time. In either

Multiplex:ing scheme, the Manchester encoder will haie to

encode a sampi e word in under a mi crosecond. This eQuates

to a throughput of 12 bit- per microsec nd or 12 megabits

per second.

C. THREE POSSIBLE FFOTOTYFE IMPLEMENTATIONS

Thi s'ystem required control logic to coordinate the

flow of sample words through the components. This was true

regardless of whether the AiD converter and encoder operate

in a synchronous or asynchronous manner. There were three

possibilities considered for implementing the control

portion of the system. They were a hardware implemented

control logic circuit, an Erasable Programmable Read-Only

Memory (EFROM) controller and a microprocessor controller.

Early' in the project all three seemed feasible.

The hardware controller could consist of a logic

circuit with status inputs from the A/D converter, the

signal multiplexer and the Manchester encoder. These

inputs would generate appropriate control outputs back to

the three main components to ensure synchronous operation

of the entire s,,stem. This hardware controller would be

simplified if all circuit components were supplied timing

b, one common clock.

15
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An EPROM controller would simplyv consist of an EPFROM

with its address bus connected to a clocked counter circuit

and possibl,' the status lines from the three system

components. The data bus from the EFROM would pro'.ide the

necessar,/ control inputs back to the components. By

appropriate programming of the EPFFOM. system control could

be achieved as the counter sequentially accessed the

EPROM's addresses. This controller implementation cOuld

possibl,/ reduce the required hardware components and also

allow for easier correction of design mistakes or future

system expansion.

The microprocessor controller is the most flexible of

the three considered possibilities and probably the most

expensive. A microprocessor could be used to control the

system's components directly via the components' control

inputs or to control the data bus and the components'

access to it. The growth of the level of complexity of the

system would seem almost endless with a microprocessor

controller and this might very well be a hindrance in the

Prototype's initial design. However, a microprocessor

controller would provide the highest number of possible

solutions for problems encountered during the initial

design as well as flexibility in -uture system growth.

16



D. RATIONALE FOR MICROPROCESSOR IMPLEMENTATION

The microprocessor implementation of the sstem's

controller was chosen for the Prototype's design and

de,,elopment for a number of reasons. The added flexibilit,'

diLCUssed in the previou section was the most compelling

advantage. Being A first design effort thi= fle;ibilitv

should mrove inval uable to working out problem areas with

the most viable solutions. The microprocessor controller

has the added feature of being capable of accessing the

data bus and providing secondary functions Such as pre-

processing on the data or providing storage of data for

back-up purposes. This fleiibility in problem solving and

in the design of 'future system enhancements would add up to

lower overall development costs when compared to a hardware

or EPROM implemented controller. The microprocessor

controller can also perform the multiplexing task: between

the conversion and encoding stages. However, areas of

concern are in the increased number of components and

subsequent effects on system cost and power consumption.

These two measures of system efficiency will be evaluated

on the Prototype.

17



E. MAIN HARDWARE COMPONENT SELECTION

1. The 80C86 Microprocessor

The 80C86 manufactured by Harris Semi conductor was

chosen for a multitude of reasons, but foremost was that it

was a CMOS device and readil,, available. All of the main

support circuits that might be needed, such as the cloc

generator dri.'er(82C84A), serial communications interface

82C52, and priorit',y interrupt controller (82C59A). were

commerciall,' available.

Just as important, the 80C86 supports a parallel 16

bit data bus and fully implements the instruction set of

the 8086 microprocessor by the Intel Corporation. A 16 bit

parallel data bus would provide enough bus width for

passing the 12 bit sample word with a single bus access.

Two bus cycles would be required on a more common 8 bit

data bus microprocessor and present more delay in the

processing of each sample word. The fact that there e>xists

a seemingly endless library of reference material on the

8086 assembly code was an additional attribute for using

the 80C86. Finally, the 80C86 would be readily interfaced

to communicate with any personal computers which are based

on the 8086 family of microprocessors.

The last deciding factor was that of the

microprocessor's speed or maximum operating clock

frequency. The 80 C86 was advertised to be a circuit of

18
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static design and therefore required no refresh for its

internal registers, counters or latches. The Harris

Semiconductor BOCES specifications sheet rRef. 2. pp. 3-7

reports that this eliminates the restriction of a minimum

operating clock frequenc,, found on other microprocessors.

The 3r)CB6 is capable of operating at all clock frequencies

down to DC. No upper clock frequency limit was given, but

the OZC84A (clock generator driver) imposes a limit of 8.7.

MHz on the clock frequenc, [Ref. 2. pp. 3-82). This

certainly would seem to provide adequate speed for the

desired application. The BC'CB6 reportedly would operate at

lower clock frequencies down to and including DC. This

would allow single stepping of the microprocessor using the

clock and could prove valuable for debugging of Prototype's

software.

2. The AD7572JN05 Analoq-to-Diqital Converter

A cursory search of catalogs of major manufactures

of integrated circuits revealed that the maximum advertised

conversion times ranged from 12 to 5 microseconds for high

speed 12 bit A/D converters. This was assumed to be a fair

indicator of the performance that could be e'xpected from

readily available converters. The AD757ZJN:'5 is a 12 bit

converter at the fast end of this range with the advertised

19
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ma-imum convert time of 5 microseconds. The circuit is

manufactured by Analog Devices Semiconductor as a CMOS

device and is commerciall asvailable.

The AD7572JN05 was also designed to be easily

interfaced to an 8 or 1i bit microprocessor. The circuit

incorporates a tri-state data bus along with control inputs

to select the converter and to read its data. Advertised

bus access and relinquish times are 90 and 75 nanoseconds

respecti,,el/ [Ref. 7. p. 1] which are adequate for

interfacing with the 8@C86 high speed bus times. An

additional reported feature of the AD7572'JN05 was its

stable operation provided by a buried-zener reference which

keeps the full-scale drift low over the range of operating

temperatures.

A disadvantage of the AD7572JN05 was that it was a

relatively new circuit introduced by Analog Devices

Semiconductor in 1986. Therefore, no reference material

could be found on application of the circuit other than

that provided by Analog Devices Semiconductor

specifications information [Ref. 3, pp. 1-12]. However,

since this circuit provided the fastest maximum convert

time for 12 bits in the available converters, it was chosen

for use in the system. Additionally, several sample-and-

hold circuits were available from Analog Devices

Semiconductor that were designed to interface with the

AD7572JN@)5 and to operate at a comparable speed.

20
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The HD-155:EB Manchester Encoder/Decoder

Again speed and availabilit, were the prime

considerations in choosing the Manchester encoder circuit.

The HD-15571B is a CMOS device with an advertised data rate

of 2.5 megibits per second and is manufactured by Harris

Semiconductor. This circuit is compatible with the 8-)C86

and Harris Semiconductor provides a circuit schematic and

timing diagrams for implementing the HD-15531B as an

encoded Universal Asynchronous Receiver Transmitter (UART).

Using the HD-15511B a an encoded UART would provide for a

simple interface between it and the 80C8B6 microprocessor.

The disadvantage of tne HD-15531B is that its

maXimLum advertised data rate is less than the system's

projected need. Recalling the timing discussion earlier in

this chapter. a rate of 12 megabits per second was the goal

set for the encoding circuit's throughput. The 2.5

megabits per second of the HD-15571B is well short of this.

It was the fastest CMOS Manchester encoding circuit however

that was readily available within the time frame of this

research. The decision to use the HD-155;1B necessitated

lowering the performance goal for the Prototype. If only

one input signal were considered then the required encoder

rate would be 2.4 megabits per second to allow it to keep

up with the converter rate of a 12 bit sample word every 5

microseconds. Once a single input channel Frototype was

built. e:Xperiments with the expected signal could be
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performed to find the minimum acceptable sample rate. The

minimum sample rate determined. along with the

reconstruction method, the number of transducer inputs the

Protot',pe would support.

Additional features of the HD-1551B are that it

contains an independent decoder circuit and that it is

programmable to frame transmitted data into variable

lengths. The decoder side of the HD-1553.1B would be used in

the Prototype to provide a decoded word to feed to a

digital-to-analog (D/A) converter to reconstruct the signal

for comparison to the original signal. This provides a

basis for future selection of a minimum sampling rate. The

programmable framing feature of the HD-1531B allows for

variable word lengths of 2 to 28 bits with a parity bit and

a choice of synchronization characters [Ref. 2, pp. 5-243.
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III. THE PROTOTYPE CIRCUIT

A. THE ARCHITECTURE

The Prototype was built to test the design concept and

obtain actual timing measurements of each selected

component. Only one A/D converter was used in constructing

the Prototype due to the selected encoder's transmission

rate. This was not considered a detriment since only a

single channel was necessary to obtain performance

measurements of the selected converter and the architecture

of the design.

Figure 4 depicts the Prototype's basic architecture.

The sampling operation is carried out by having the

microprocessor execLte an endless instruction loop. On

each cycle through the loop a sample is processed in

several steps. First, the microprocessor reads a sample

word from the A/D converter that is output to the encoder.

The microprocessor then idles until the encoder has

completed the transmission of the previous sample word

before writing the new word to the encoder. Then the

microprocessor jumps bacik to the beginning instruction and

reads the next sample word from the A/D converter. The

microprocessor waits on the encoder as encoding was

perceived to be the slowest process in the cycle. This

instruction loop supports as many A/D converters in the

system as the microprocessor is capable of addressing.

23
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In the case of the 8CC6. 659536 different addresses are

provided for input and output (1./0) devices. However, the

Prototype's present I/O decoding logic provides onl>, for

the addition of four more A/D converters to the svstem's

data bus for future expansion.

Each sample word is intentionally directed through the

microprocessor as opposed to directly from the Ai/D

converter to the encoder. This was done to determine how

much the cycle is slowed by the microprocessor s execution

of instruction and whether it would be feasible to do any

manipulations of the samples during the instruction loop

without detrimental slowing of the sample rate. This also

allows a four bit identification header to be attached to

the sample word. This header would identify which A/D

conv.erter the sample originated from if additional A/D

converters were added to the system.

B. THE MICROPROCESSOR CIRCUIT

The 8OC86 microprocessor can be configured to operate

independently or in a multiprocessor environment. The

Prototype's 80C86 was wired to operate in the independent

mode which greatly reduced the number of support devices

required. Figure 5 shows the 80C86 and the devices

supporting its operation in the Prototype. The clock

driver is implemented with the 82C84A by Harris

Semiconductor. This device takes the input from the

25
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system's oscillator and di.'ides the oscillator's frequenc,

by three. It also provides the 77 percent dut, cycle

required by the 8'C86. Additionally it provides

s',-nchronization of the system reset command.

Address latching is required since the 8.)CEb6 has a

common, time multiple ed bus for both address and data.

This common bus allowS the SC8CB6 to be packaged as a 40 pin

device and thus take up less space on a circuit board. The

80C86 has 2C. address lines but only the lower 16 are

utilized in this design since a large memory was not

necessary. All 16 data lines are used since this provides

for half as many bus cycles since the BOC6 can fetch

instructions in words (16 bits at a time). It also allows

for all 12 bits of a sample word to be passed in one bus

cycle as discussed in the preceding chapter.

The serial and parallel ports shown in Figure 5 are not

utilized in the present system, but were included in the

Prototype to provide for future system expansion. Table II

gives the Prototype's memory and I/O Maps implemented b',

the decoding logic. It is worth noting that the Prototype

provides separate memory and IO device address decoding.

This allows for overlap of memory and I/0 addresses.

Overlapping of addresses has not been done in the present

Frototype software to avoid any confusion by unnecessarily

complicating the address mapping.

27
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I

TABLE I I
PROTOTYPE'S MEMORY AND INPUT/OUTPUT MAP

Memory Addresses

tz'' to ()FFF Low EPROM
40)() to 7FFF RAM
FO() to FFFF High EPROM

InpLUt,'OUtput Addresses
1000 to 100: Serial Port
1004 to (107 Parallel Port
1008 to 100B Encoder
10,C to 10-F A,'D Converter
1C)11() to 1013 Reserved
1014 to 1C)17 Reserved
1018 to 101B Reserved
101C to I) IF Reserved

C. THE ENCODER CIRCUIT

The Manchester encoder was wired to appear to the

system bus as a serial I/0 port. Two eight bit CMOS

parallel-load shift registers (74C165) are used to latch

the data bus when the HD-15571B Manchester encoder receives

an enable and write signal from the microprocessor. The

encoder side of the HD-15531B provides the necessary lcgic

internally, to shift in these registers to provide the 16

data bits serially for encoding. The Prototype's HD-15531B

is programmed to provide framing and error checking on 16

bit packets. Figure 6 shows the HD-15571B and its

supporting registers. The decoder is similarly provided

with two eight bit parallel-out shift registers (74C164) to

place the decoder's serial output back on a parallel bus.

Tho decoder's registers are wired however to an isolated 12 '
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bit bus. This provides the decoded 12 bit word for

reconstrLucti on and was used in evaluating the Prototype's

performance. The HD-15571B decoder was utilized to emulate

the shore station's receiving decoder for the purposes of

this project.

D. THE AID CONVERTER CIRCUIT

The AiD Converter circuit was designed to appear to the

system bus as a parallel input port. This was simple to

implement due to the buffered parallel data output

available from the AD7572)5 (the 12 bit A/D converter

used). When the AD757205 receives an enable and read

command from the microprocessor, it places the last

conv&erted sample on the 12 bit output, which is connected

directly to the lower 12 bits of the system's data bus.

The AD757:c05 simultaneously begins the digital conversion

of a new sample of the input analog signal as it outputs

the previous sample to the data bus. The circuit consists

onl,/ of the AD7572(5 and a sample-and-hold amplifier. An

AD58. also manufactured by Analog Devices, was used for

the sample-and-hold in the Prototype. The A/D converter

circuit is the simplest in the system. This is important.

since it is the intent of the architecture that one of

these circuits be provided for each analog input.
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E. THE PROTOTYPE'S TIMING

The Frototype's timing is provided from a single

oscillator to all devices through appropriate di. ide down

circuits. This was done to provide for easy changes in the

system' 5 operating speed and also to prevent an, dela,,s due

to as,,nchronous operation between de.ices. Figure 7

indicates the relationships between the s,/stem's oscillator

and each clocked device. The clock frequencies given in

Pigure 7 are those of the design's expected limit. A 70

MHz oscillator Would provide operation of the HD-15531B

encoder/decoder at its advertised upper throughput limit of

2.5 megabits per second. Also, this would drive the

AD757205 A/D converter at its optimum operating frequency

of 2.5 MHz for a maximum conversion time of 5 microseconds.

The D- MHz oscillator would exceed the advertised upper

limit of the 82C84A clock driver of 25 MHz. However, a

documented design [Ref. 4] has the 82C84A operating on a 3'

MHz crystal. This design lead to experimentally operating

the 32C84A on a breadboard with various crystals up to 32

MHz. The 82C84A still produced a satisfactory clock pulse

I
train at this upper frequency and the 30 MHz design

oscillator frequency appeared to be within the 82C84A

operational range. There was no difficulty expected in

operating the 80CC86 microprocessor at 1C) MHz.
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F. SOFTWARE

As discussed in the beginning of this chapter, the

microprocessor's operating instruction routine was to be

extremely simple for the purposes of bench-testing and

evaluating the Protot,/pe. The initial loop is as follows

in 80C86 assemble language syntax:

MOV DX. IFOC; Load A/D converter address
START IN AX, DX; Read A/D sample word

MOV DL. 08; Load encoder address
WAIT. Test to see if encoder is done
OUT DX. AX; Write sample word to encoder
MOY DL, OC; Load A/D converter address

JMP START; Loop forever

This routine provides for the maximum overlap of the A/D

converter and encoder operation before the microprocessor

idles waiting for the encoder to finish its transmission.

The routine is so short that it was loaded in the high

EFROM memory starting at the hex address FFFO. This is the

address that the 80C86 goes to on a reset for a vector

routine to re-initialize the microprocessor. The above

routine occupied twelve of the sixteen bytes reserved in

high memory for the reset vector. During the evaluation of

the Prototype the software never outgrew this reset vector

space and therefore the low EPROM and RAM were never

utilized.
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G. PREDICTED DATA THROUGHPUT

With the Prototype operating at the design oscillator

frequency of C MHz the A/D converter should be able to

produce a sample every five microseconds in the worst case

(full scale deflection of the analog signal). The encoder

would be transmitting at 2.5 megabits per second or a 16

bit word every 6.4 micrDseconds, so the encoder is the

bottleneck in data flow. The other expected delay in a

sample cvcle would be the time required for the

microprocessor to execute the instructions that test to see

if the encoder is idle and then write a sample to the

encoder. At this point the SC)C86 WAIT instruction should

be described. This instruction causes the microprocessor

to check the logic level of its input pin labelled "test".

If this input is a logic low then execution continues. If

the input is a logical high, then the microprocessor idles

until the input goes low. The WAIT instruction takes three

clock cycles even if the "test" input is low when the

instruction executes. The instruction writing to the

encoder will take four processor clock cycles. Therefore

the total time involved in the execution of these two

instructions should be 0.7 microseconds. Operating with a

30 MHz oscillator we should achieve a sample rate of 7.1

microseconds or 140.8 kilohertz. This would give us seven

times the MaWimum expected analog Frequency.
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H. PROTOTYPE CONSTRUCTION

The Prototype's main board was constructed using wire

wrap methods on a board with an edge connector and chassis r

enclosure that made it compatible with the TM5CC Instrument

rack manufactured by Tektroni,, [Ref. 5). This board and

chassis were used to provide size constraints on the

Frototype's circuit since it would eventually be enclosed

in a container for underwater deployment. It was felt that

the smaller the final package the better. The board and

chassis also made it convenient to draw power from the

TM50) Instrument rack. This reduced bench top clutter

during evaluation tests since numerous power supplies were -

not required. Voltage regulators were installed on the

main board to step down the TM5O3 voltages to the required

5., +15 and -15 values. These regulators also provided

protection for the CMOS devices. 1

All of the Prototype's components were provided sockets

on the main wire wrap board with the exception of the A/D I

converter circuit components. Due to the recommendation of %

Analog Devices against using a wire wrap board for the

AD75720o5 [Ref. 3, p. 93q a circuit board was required to

insure achieving the maximum performance from the AD757205. 4

A two-sided circuit board was laid out using an

interactive software package on a personal computer. The

two-sided board was necessary to provide the A/D converter

35
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and sample-and-hold amplifier with a large ground plane to

improve noise immunity and reduce leakage currents from the

sample-and-hold circuit. The CirCLit board was prov'ided

with a socket to mate it to a plug installed on the main

board. The AD757205 was connected to allow bipolar input

signals between a negative and positive 2.5 volts.

A coa;;ial female plug was installed on the front panel

of the chassis for input of the analog signal. Additional

female plugs are provided for Manchester output from the

encoder. Manchester input to the decoder, and the 12 bit

sample word in parallel along with a valid word output from

the decoder. The only other fixtures on the front panel

are a system reset button and a light indicating the system

has power. The front panel layout is shown in Figure 8.

All construction was done by the author with the

exception of the circuit board. The Naval Postgraduate

School Production Lab produced the board and installed the

component sockets using board layouts done by the author.

Detailed wiring schematics and the circuit board layout for

the Prototype are on file with the thesis advisor.
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IV. PFOTOTYFE TEST AND EVALUATION

A. BENCHTESTING SET-UP

The analog signal input was provided by a signal

generator for the Frotot/pe's eval uation. The output of

the encoder was connected directly to the input of the

decoder to simulate the transmission of the Manchester code

over a fiber optic channel. The twelve bit parallel output

from the decoder was connected by a ribbon cable to a

reconstruction circuit assembled on a breadboard. This

circuit consisted of two eight bit shift registers (used to

provide sample words in parallel from the decoder's serial

output), a twelve bit digital-to-analog converter (D/A)

and two operational amplifiers. The twelve bit sample word

latch was triggered when the decoder indicated that it had

received and decoded a valid word. A DAC7541 by Analog

Devices was used for the D/A converter. Operational

amplifiers completed the reconstruction circuit and

provided conversion of the D/A converter's current output

to voltage. This circuit is a zero-order type

reconstruction of the original analog signal. A simple

resistor and capacitor filter was placed on the operational

amplifier's output to provide a simple first-order

reconstruction of the analog signal. A 6C MHz oscilloscope

was used to display the input and reconstructed output for %

eval uati on.
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B. TIMING DIAGRAMS

Timing diagrams of the Frotot/,pe's operation were

recorded using a Hewlett-Packard Model 1615A logic analyzer

driving a Hewlett-Packard Model 747QA plotter. Figure 0 1s

a timing diagram of the data flow through the system.

Trace 0 is the chip select line for the A/D converter which

is active low. Trace 1 is the A/D converter's output which

indicates conversion is in progress when the output is

high. Trace 2 is the read line from the microprocessor and

is active low. The remaining traces pertain to the

Manchester encoder/decoder. Trace 3 is the encoder's

enable input which is active high. Trace 4 is the

microprocessor's write line used to latch the encoder's

shift registers on an active low. Trace 5 is the clock to

the encoder's shift register and trace 6 is the decoder's

shift register clock. Traces 5 and 6 indicate when a

latched word from the system's data bus is being shifted

into the encoder and out of the decoder. Note that sixteen

clock pulses are present each time either shift register

clock is active. The last trace shown (number 7) is of a

decoder output which indicates that a valid word has been

received and decoded with an active high.
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It can be seen that as soon as a new word begins to shift

out of the decoder, this output goes low until the sixteen

bit frame received has been completel," shifted out. This

output is used to latch the last twel.,e bits for the D/A

converter for sianal reconstruction.

The traces in Figure 0 were recorded with a 20 MHz

oscillator driving the system's clocks. It is predicted

that the system's performance is appro,,imately two-thirds

of that calculated for the 0) MHz design oscillator

frequency. Ex amining Trace 1, the A/D converter is taking

approximately 8 microseconds to do a conversion, about two-

thirds the five microsecond conversion rate expected at C)

MHz. From Trace 5. the encoder is transmitting si,'teen

bits in approximately 1C microseconds, or at a data rate of

1.6 megabits per second. Again the encoder is performing

as expected at this clock frequency. However, the entire

system cycle is taking longer than would be e:xpected.

Trace I shows that the sample rate being achieved is

aporoxximately, 13.5 microseconds or a sample frequency of 74

kHz. This is fourteen percent slower than expected.

The slower operation is due to unexpected delays in two

areas of the cycle. Both delays can be seen by comparing

traces 4 and 5. A delay of seven processor clock cycles

was predicted between the completion of one encoder

transmission and the beginning of the following one.
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There is appro.:<.imatelv a two microsecond dela. between the

end of an encoder transmission and the write from the

microorocessor to the encoder with the ne,t sample word for

transmission. A one microsecond wdelay would be e;xpected

for - processor locks at 6.n' MHz (2: MHz divided b/ 7).

The answer is found on Trace 2 where we =ee that the

microprocessor is e'ecuting a read prior to writing to the

encoder. This indicates a memor., fetch and four additional

processor cycl'-es than e:pected for a 1.55 microsecond

del av.

The other delay occurs after the write to the encoder.

There is approx imatelv two microseconds delay between the

write to the encoder and the actual beginning of

transmission. This should have been expected as the

encoder sends out a synchronization character and parity*

bit prior to the frame transmission. This dela, represents

the price paid in time for the framing and error detection

features of the encoder. Considering these new cycle

delay's and using a 14 percent slower sampling rate, the

predicted operation of the Prototype would be a ma imum

sampling frequency of 121 kHz or approximately si;- times

the maximum input frequency.
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C. RECONSTRUCTED SIGNAL WAYEFORMS

Evaluation of sample accurac, of the system was done t.

comparing an analog input signal to the reconstructed

signal from the Prototype's sample word after Manchester

decoding. The input and reconstructed signals were

displayed simultaneously on a 6C MHz oscilloscope using the

deccder's valid word output as an external tri QQer source

for the scope.

Figure 10 shows a 2.6 LHz sine wave with a four vclt

peak-to-peak amplitude. This was the first test input and

the zero-order reconstructed waveform is also shown. The

reconstrukcted wave was displayed on a 0.5 volt per di,.ision

scale and therefore is less than half the amplitude zf the

input signal. This signal attenuation can be easily

corrected using an operational amplifier with the properly

scaled gain to reconstruct the signal's amplitude to that

of the input. Figure 11 is the same input signal oni>, ncw

the reconstructed wave form is passed through a single

stage resistor capacitor (RC) filter to display a crude

first-order reconstructed signal. The system does a good

job in accurate digital conversion of a 2.6 kHz input

signal. This is as expected since the signal is being

sampled at approximately 70 times its frequency. Referring

back to Table I, we should be observing about 10 per-ent

error in the reconstructed signal in Figure 1 and 2

percent in Figure 11.
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FigUre if:)
Z.L- Hz S,.ne Wzve InPLut and Zer-c-order Reconztrulted

OUtpUt (E:ale: 150 microseconds/div.ision)

FigUre 11
Z.61-Hz Sine Wav'e InpUt -And Fir-st-order FPecon~t'-U~ted

OUtp~lt EScale: 15C) rnlcrosecords/di'.ision)
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There is a noticeable phase shift between the t*o

waveforms in the preceding figures. This is due t_ the

delay in sample processing by the system. Fecall that the

A.,D converter always outputS the previous con versi on and

bemins a new one when it receives an enable and -ead "rcm

the mizroprocessor. We therefore fall one sample period

behind at the AiD converter. Feferring back to Figure .

it takes approximately 22 microseconds from the time a

sample is read at the A/D converter until it is latched at

the DA converter's bus b, the decoder's .alid word ,:utput.

So the total dela, or phase shift we should see in these

test waveforms is around .5 micro_ .conds. Figures 12 and

13 are again the same test waveforms as in the previous

figures onl-/ the oscilloscope's time scale is now 5.

microseconds per division. The delay is measured to be

aporox imatel, as expected. It should be noted that this

delay is expected to remain constant regardless of the

I
.requency of the input signal as the delay is dependent on

the system clock frequency. However, the phase difference

will naturally grow as the input signal frequency is

increased. A delay of 35 microseconds is not seen as

detrimental to the design goal of real-time operation in

this application.
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Figure 12
2. [H: Sine *Wave InDLIt and Zero-order Reconstructed

Outputt (Scale: 50 microseconds/division)

2. ~I.H:SineWave Figure 1:

2.6!.H Sne ._ veInput and First-order Reconstructed
Output (Scale: 5C) microseconds/,division)
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In Figures 14 and 15 we see a -' 1Hz input =-ignal 4ith

its zero-order and first-order reconstructed signals V

respectively. The sampling rate has now dropped to

appro,•imatel, 7.4 times the input signal frequen: . Table

I. incicates we should ex.pect about equal error in both

reconstructed waves of approx imatelv 40 percent. The

photographs appear to support this. In fact. the time

difference between the input signal and reconstructed

signals appears to have grown larger than Z5 microseconds.

This however is due to the large error in signal

reconstruction.

A 19.2 kHz input signal with the respective

reconstructed signals is shown in Figures 16 and 17. The

sample frequency is now only four times that of the input

freq uency. Table I now predicts that the error in the

first order reconstruction will be over 1-0 percent and the

zero-order about 78 percent. Againq the reconstructed

waveforms support the values in Table I.

The last test input signal was a 2.4 kHz square wave

with a 4.5 volt peak-to-peak amplitude. Figures 18 and 19

show the zero-order and first-order reconstructed signals.
..

The square wave input was used to measure the variation

between sample outputs when a constant voltage signal is

processed by the system. This would provide some
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Figure 14
1C, Hz Sine Wave Input and Zero-order Reconstructed

Output (Scale: 20 microseconds,/division)

L

p..

Figure 15

10 [Hz Sine Wave Input and First-order Reconstructed
Outout 'Scale: 20 microseconds/division)
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Fi gure 16
1,?. Z kHz Smine -Wave InPUt, and Zero-order ReconstrUC-ted

OUtPLtt (Scale: 2C, microseconds,'division)

JA

Fig~re 1

1?. -:HzSin Wav In~t ad Fist-rderRecnstr~te

OL~t~t (cal: 20micosecndsdiviion
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Figure 16
2. 4 kH: Square Wave Input and Zero-order Reconstructed

OLtOLt (Scale: 50 microseconds/division)
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indicoatlon of the inherent error Oresent in the ~se

desigjn itself. The reccr=tru,-_ted signals iJ.=pj~.,ecd in the
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zni i,~ zu~-:'v bje Icdn o~tnt .?u This viouid

be C~- x atl~ ercent ::z+ the- --tC-PEa. Ampli xtlde 0+

the rFn~rce i jnajS Ta:b I e e fnv~ a',a 1 m uir er ro r

of Ic oercemt 4*or the zero-order reccrn,_tru_(tizon and 2

Percent ':7r the -first-order. The onl./ direct conclusion

that cam be drawn from Figures 18 and I'-- withOUt further

:nvstigatioF i that the samcle error OCCUrs in a definite

repetitx.',e pattern. This could be Caused by , a hiah

irequenc.' s~irmetric ncise signal riding on the wave-form

gener Ator z OUtPUt.
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V. CONCLUSIONS AND RECOMMENDATIONS "

A. PROTOTYPE SYSTEM PERFORMANCE

With the 20 MHz oscillator installed, the Frotctt,,pe Vias

able to sample at aporoximatelv 74 kHz. When a :- MHz

oscillator is available (several have been placed on V

order), it should be installed and the system performance

verified. A 77 percent improvement in the throughput would

be expected and the Prototype should achieve a sampling

frequency of appro:-imately Ill kHz.

The present sampling frequency allows a 20 kHz signal

to be sampled approximately four times a period. This is

inadequate for even a single analog input unless higher-

order reconstruction algorithms are used. If the Prototype

performs as expected with a 70 MHz oscillator, then the 20

kHz input will be sampled roughly 5.5 times a period. This

still may not provide for an accurate enough zero-order

reconstructed signal for even a single input.

B. IMPROVING THE DESIGN'S PERFORMANCE

The bottleneck: in the present design is the serial

encoding of the parallel sample words. If five A/D

converters were installed and each one read every five

microseconds, the microprocessor would be writing a sample 4
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word to the encoder at the rate of one per microsecond.

This rate of operation is theoreticall,, possitle with the

present Prototype operating c n a 70' MHz oscillator with

software modified to read fi.e A/D ccnvertEr addresses in

each looc, through the routine. This Would pr,-,v.de ;:r each

analog input to be sampled at I'D times the ma'.imur input

Frequenc,, an a.-ceptable rate to insure moderately' _A,--_.rate

zero-order reconstruction. However. the encoder would ha..e

to be capable of transmitting at rates around 20 megabits

per second to provide for sending a 16 bit frame with

parit., bit and a synchronization pattern. There are V
O

Manchester encoder/decoder devices on today's mar :et with

rated transmission rates of LIP to 25 megabits per second.

These devices do not have the framing and error detecting

features of the Prototype's encoder.

C. PROTOTYPE SYSTEM EXPANSION

The present Prototype has the hardware wiring in place

to support communications with an external terminal. There

also exists enough memory expansion available to allow the

addition of software for terminal communication such as an -

inl--ractive monitor program. This would provide an

excellent environment for future software development if

the Frototype is used for future research.
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There is very little room left on the main system board

for any additional hardware. The removal of the parallel

ports. which are not used at this time. would provide room

eqLivalent to two 40 pin devices.

D. POWER CONSUMPTION

The Prototype was provided power by three metered power

supplies during evaluations using the logic analyzer.

Rough measurements of the Prototype's power consumption

were made using the current and voltage outputs of the

power supplies. This gave an instantaneous power

consumption of 14.7 Watts for the Prototype. The majority

of this power is being radiated as heat from the voltage

regulators. This figure should be used only as a basis for

determining relative power requirement changes after future

circuit alterations to the Prototype. The actual power

consumption of the circuit should be in the milliwatt

range. The replacement of the few non-CMOS devices with

their CMOS counterparts will relatively lower the power

needs.

The design of a power-down circuit is recommended as

the microprocessor and clock driver are both well suited

for such implemention. The devices have standby modes with

considerably less power required. When the system has no

54



-IF IP rPI,7rRJVIJ17 _ p

analog signai s input that are of interest to the =er,* the

system could be placed in a stand-by mode to cconser .e the

ba.-tter/ supply/. Mar: arnd Niewjiersk:i discuss _additional

application techniques for redu(cing the power requiremienit:

of CMO11S irui ts and pjower-down desi.qns in --I recent paper

[Ref. 6. pp.185-191J.
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